By the progressive scaling of the feature size and power consumption in VLSI chips the part of energy dissipated due to information loss in irreversible computations will become a serious limitation in the near future. Quantum-dot cellular automata (QCA) is an emerging nanotechnology with extremely low energy dissipation which facilitates new computation paradigms such as reversible computing. In this paper a novel reversible full adder-subtractor circuit based on QCA is proposed. Our proposed design is implemented using only one layer and does not require any rotated cells which significantly improves the manufacturability of the design. In addition, it improves the cell count, area and total energy dissipation by almost 45% and 50% and 48%, respectively, as compared to the existing QCAbased single-layer and multilayer reversible full adders.
Introduction
Power consumption is indeed the main concern in recent VLSI circuits. Due to the ever-increasing demands for portable electronic systems and the disproportionate growth of the semiconductor and battery manufacturing industries, increasing the operational time between each battery charge has become very curtail. In addition, the disproportionate scaling of the size of transistors and power supply voltage has led to many shortcomings such as high leakage currents and high power density, creating hot spots in CMOS chips. As a result, different computational paradigms using emerging nanotechnologies, addressing drastically small size and low power dissipation, should be considered. Reversible computing is one these computational paradigms which is realized by setting up a one-toone mapping between the input and output states of the circuit [1] [2] [3] . In 1973 Bennett proved that it is possible to eliminate power dissipation in a logic circuit if the circuit includes only reversible logic gates. Moreover, in 1961 Landauer demonstrated that each bit of information loss in an irreversible computation leads to kBTln2 joules dissipation of heat energy, where kB is Boltzmann constant and T is temperature. As a result, the energy required for a binary transition at room temperature (T=300 K) is at least 0.017 eV. However, if a computation is carried out in a reversible manner, this amount of energy would not inevitably dissipated and energy consumption would be beyond the kBTln2 limit. Although the power dissipation of the current CMOS circuits is much higher than kBTln2, in the near future with ultimate scaling of feature size and power consumption based on emerging nanotechnologies, this theoretical limit may become a major restriction [3] . Utilizing reversible computing in nanotechnology and quantum computing has become a quite interesting subject in recent years. Reversible computing, as a new paradigm for reducing physical entropy gain, is based on physical operations, which are both logically and thermodynamically reversible [4] . One the most attractive and promising nanotechnologies is quantum-dot cellular automata (QCA) which operates based on the new physical phenomena such as Coulombic interactions [1, 5] . In QCA, two distinct situations of electrons inside the cell determine the '0' and '1' logics as shown in Fig. 1(a) . The electrons can quantum-mechanically tunnel between the dots though tunneling junctions and fix either with cell polarization P=-1 (logic '0') or in P=1 (logic '1') as illustrated in Fig. 1 (a) . This polarity can be defined by (1) , where ρi is the probability of presence of electron in quantum-dot i [6] .
Hence, when a bit changes from '0' to '1' and vice versa, no actual charging and discharging of capacitors occur as in CMOS. Moreover, transmission of logic from one QCA cell to another is performed by the interaction of electrons in neighbouring cells and there is no current flow between QCA cells. Accordingly, in QCA, there is no energy dissipation during the state transition and propagation. As a result, QCA dissipates extremely lower power as compared to the CMOS technology. Also, the part of energy dissipated due to information lost in irreversible computations becomes more important. It has been demonstrated that the energy dissipated per switching event in a reversible QCA circuit can be significantly less than kBTln2 due to clocked information-preserving system. As a result, implementing efficient reversible logic gates becomes possible using QCA [7] . The fundamental QCA gates are the inverter and the majority (MAJ) gates which are shown in Fig. 1 (b) and (c), respectively. The QCA inverter, which is usually realized in two different configurations, reverses the cell polarization and the output of the majority gate will be the majority if the inputs. A series of QCA cells creates a QCA wire in which the binary data propagates because of the Columbic interactions between the cells [8] . A four phase clocking system is utilized to provide the propagation of data through the logic circuits [9] . This clocking scheme including switch, hold, release and relax phases is illustrated in Fig. 2 . Arithmetic unit is one of the most power hungry sections in a processor and is the most probable location of hot-spots [10] . Full adder is the most important building block of arithmetic units and improving the efficiency of this circuit leads to improvement of the efficiency of the whole processor. Due to the importance of the reversible computation based on QCA some researches have already been done for designing QCA-based reversible logic gates as the building blocks of QCA-based reversible computational circuits such as full adder cells [1, 3, 11] . However, they lead to cell count and area redundancy for designing full adder circuit which is the most fundamental block of the arithmetic unit in each digital processor. In addition, they require rotated cells or multilayer wire crossings which lead to lower manufacturability and robustness. In this paper, a novel efficient reversible adder-subtractor circuit in QCA nanotechnology is proposed. Our proposed design is implemented in one layer and has significantly lower number of cells, lower energy consumption and smaller area even in comparison with its multilayer counterparts.
Proposed Designs
The suggested reversible gate called RQG is shown in Fig. 3 (a) . This reversible gate has three inputs X1, X2 and X3 and generates three outputs Y1, Y2 and Y3 according to (2) to (4) . The RQG gate is fully reversible with a completely one-to-one mapping between the inputs and outputs which can be obtained from its truth table shown in Table 1 .
The QCADesigner tool [12] , as widely used QCA circuit design and verification, has been used to implement and verify all of the designs in this study. The QCA layout of this reversible gate is shown in Fig. 3 (b) . As illustrated in the layout the RQG gate is composed of only two three-input majority gates and one simple 2-input exclusive-OR (XOR) gate. In this efficient QCA layout, a simple and dense two-input exclusive-OR (XOR) design [13] is utilized for realization of the third output (Y3). In addition, for wire crossing, the single layer method using different clock zones is used [14, 15] . In general, wire crossing in QCA circuits can be performed by tree approaches using multilayer cells, rotated cells and different clock zones. The feasibility of fabricating multilayer QCA cells is still a questionable challenge. Moreover, fabricating rotated cells is quite difficult and require very accurate alignment during fabrication [16] . However, wire crossing using different clock phases is performed in one layer without needing any rotated cells. Hence, the layout of RQG is designed using only one layer of normal QCA cells. The RQG gate as a versatile reversible gate can be used to implement important logic circuits such full adder and full subtractor. By using an RQG and two Feynman reversible gates (FG), a novel reversible full adder-subtractor circuit with four inputs and four outputs is proposed which is shown in Fig. 4 . It is worth noting that a Feynman gate with x and y inputs, provides x and x⊕y outputs [1] . In the proposed design, the first FG replicates the B input and the second one is used to create a three input XOR (A⊕B⊕C). The three main outputs of the circuit provides the full adder-subtractor as given in (5)- (7), where Sum and Diff are the sum and difference of the three inputs, respectively and Cout and Bout are the output carry and borrow, respectively. Furthermore, the forth output (A⊕C) is a garbage output. The truth table of the proposed reversible full adder-subtractor is shown in Table 2 , which indicates the completely one-to-one mapping between the inputs and outputs. The layout of the proposed reversible full adder-subtractor is shown in Fig. 5 . In this efficient QCA layout an efficient QCA implementation for FG is suggested based on the dense XOR of [12] as shown in Fig. 5 . In addition, the logical crossing method using different clock zones is used for wire crossing [14, 15] . Accordingly, the layout of the proposed full adder-subtractor is designed using only one layer of normal QCA cells, which enhance the robustness and manufacturability of the proposed design. 
Cout = MAJ (A,B,C) = A.B + B.C + A.C (5)

Bout = MAJ (A',B,C) = A'.B + B.C + A'.C (6)
Sum = Diff =A⊕B⊕C = A.B.C + A'.B'.C + A'.B.C' + A.B'.C'
Performance evaluation
QCADesigner software as a popular simulation tool for QCA circuits is used for simulation and verification of then designs. All the simulation parameters and conditions are adopted as the default values in QCADesigner tool as follows: QCA cell size=18 nm, diameter of quantum dots=5 nm, number of samples=50,000, convergence tolerance=0.001, radius of effect=65 nm relative permittivity=12.9, clock low=3.8e-23 J, clock high=9.8e-22 J, clock amplitude factor=2.000, layer separation=11.5 nm and maximum iterations per sample=100. The simulation results, shown in Fig. 6 validate the functionality of the proposed reversible full adder-subtractor which utilizes the RQG gate as its main block. Table 3 includes a comparison between our proposed full adder-subtractor design and the state-of-theart existing reversible designs. The proposed reversible full adder-subtractor produces only one garbage output which is fewer than the other designs, while it has only one constant input like [3] . The sum of the garbage outputs and constant inputs is two for our proposed design, while it is three for the other designs. Using different clock zones for wire crossing makes the latency (number of clock cycles) of the proposed design slightly longer than [1] and [17] , while it is considerably shorter than [3] . However, unlike the previous works, our proposed design is single-layer without any rotated cells which significantly enhance its robustness and manufacturability. Also, it performs both addition and subtraction operations. In addition, it has a considerably lower number of cells and much smaller area in comparison with both single-layer and multilayer designs. QCAPro [18] as a valid energy estimator tool can be readily exploited to evaluate the leakage, switching, and total energy dissipations of the QCA circuits. Table 4 represents the energy dissipation analysis of the proposed QCA reversible full adder-subtractor based on RQG and recently reported counterparts. The simulations are performed in three distinct tunneling energy levels (0.5, 1, and 1.5 Ek) considering 2K as the operational temperature. Besides, Fig. 7 shows the power dissipation map of our design at 2K temperature and 1.5 Ek. It is worth pointing out that the darker the QCA cells are, the more energy dissipates in the circuit. The graphical diagram depicted in Fig. 8 shows the total energy consumption comparison results of the designs. These diagram can attest the energy efficiency of our proposed structure. According to Fig. 8 , it can be easily perceived that our design has much less energy dissipation in different tunneling energy levels in comparison to the previously reported designs. Appropriate cell arrangements along with not using rotated cells in the proposed design are the most important reasons for such minimized energy consumption. In an objective comparison of total energy dissipation (over all vector pairs) to the previously reported reversible QCA full adders listed in Table  4 , our proposed design dissipates on average 48%, 48%, and 50% less energy in 0.5Ek, 1Ek, and 1.5Ek tunneling energy levels, respectively. 
Conclusion
This latter presents a novel efficient QCA-based full adder-subtractor for reversible nanocomputing. While our proposed circuit provides both addition and subtraction operations and has a single-layer structure, it outperforms the previous single-layer and multilayer reversible full adders in terms of cell count and area. In addition, it does not require rotated cells and has a lower number of garbage outputs. Accordingly utilizing such an efficient reversible full adder-subtractor will certainly be a breakthrough in the field of computation. 
